Introduction {#s1}
============

Atrial fibrillation (AF) is the most common cardiac arrhythmia, affecting 1 to 2% of the population, and about 8% of individuals over 80 years of age ([@B1]). It is characterised by rapid and disorganised heart beating, triggered by electrical impulses usually originating in the roots of the pulmonary veins in the left atrium (LA), and has been identified as the leading cause of thromboembolic events, such as stroke and vascular dementia ([@B2]). As a result, AF brings about high social costs, around \$26 billion per year in the US alone ([@B3]), with a projected increased incidence more than double by 2035 ([@B4],[@B5]). Hence, there is a pressing need for developing new effective strategies to predict and prevent thromboembolic events in patients suffering from AF ([@B6]).

It is estimated that more than 90% of left atrial thrombi responsible for thromboembolic events in AF forms in the left atrial appendage (LAA) ([@B7],[@B8]), a 2--4 cm long trabeculated finger-like projection from the main body of the LA. Despite active clinical research in the field, there is still ongoing debate about the function of this chamber, due to the difficulty to make direct measurements in this region of the heart.

The morphology of the LAA is largely variable from patient to patient, and is commonly classified into four different categories, on the basis of the shape it evokes: the "Chicken wing" morphology is the most common (48%), followed by "Cactus" (30%), "Windsock" (19%), and "Cauliflower" (3%) ([@B9]). However, the classification is often subjective and dependent on the imaging plane. In fact, the bidimensional nature of the imaging techniques commonly employed to observe the LAA (i.e., fluoroscopy and 2D echocardiography) can result into some overlapping between the different morphologies, as the distinguished shape, lobes, and branches depend on the angles of observation ([@B10]).

In normal sinus rhythm, the LAA acts as a highly contractile sac that obliterates its apex during atrial systole. Instead, in AF, its normal contractility reduces significantly, resulting in a decrease in echo Doppler velocities and dilation of the LAA. These conditions may promote the formation of hemostatic regions, leading to clotting ([@B9]).

The therapies currently available to reduce this risk include: (i) oral anticoagulation (i.e., warfarin) ([@B8],[@B12]); (ii) LAA surgical exclusion ([@B13]); and (iii) LAA percutaneous occlusion ([@B14],[@B15]). Unfortunately, all these options present drawbacks that limit their application and efficacy, such as the risk of hemorrhagic consequences in the case of anticoagulation ([@B8],[@B12]) and the complications associated with invasive and transcatheter procedures (e.g., vascular injury, air-embolic events and peri-device leaks) ([@B13]) for the surgical and percutaneous treatments, respectively ([@B14],[@B15]).

Therefore, it is crucial to develop methods able to identify the patient groups for which the risk of thromboembolic events justifies a therapeutic approach, and select the optimum therapy ([@B6]). Recent reports have suggested an association of the LAA morphology with the risk of clot formation, indicating the Chicken wing morphology as the least critical when compared to the non-Chicken wing shapes, although quantification of the risks are different in the literature, depending on the population examined ([@B16]). In particular, the Cauliflower shape appears to be associated with higher risk of thrombus development ([@B17]).

Few works in the literature present experimental and numerical studies analysing the flow patterns in the LA ([@B18],[@B19]), with some including the LAA in the model ([@B20]) and considering AF conditions ([@B21]--[@B24]). However, a direct comparison of different LAA morphologies with the onset of different hemodynamic parameters has not been produced yet.

In this light, the use of advanced computational simulations able to capture the fluid dynamic changes produced by AF might provide important insights into the phenomenon. The aim of this work is to develop computational fluid dynamic (CFD) models to investigate the relation between LAA shapes and the risk of thrombus formation, simulating normal sinus rhythm and AF conditions in 4 different patient-specific LAA morphologies.

Materials and Methods {#s2}
=====================

Computerised tomography (CT) images from adult patients who underwent a scan at University College London Hospital (London, UK) were used; all patients gave written informed consent. The patients were scanned for moderate coronary diseases but no known atrial pathology, hence were considered as control subjects. The images were segmented in the post-processing program Mimics (Materialise) to obtain the 3D anatomical shape of LAA and LA, following a common reconstructive method ([@B25],[@B26]). Four cases were selected by a cardiovascular morphology specialist as representative of the different morphological LAA classes ([Figure 1](#F1){ref-type="fig"}); all selected shapes comprised the LA, the LAA, the pulmonary veins (PVs) and the mitral valve orifice. The number of PVs resulted variable, and only two of the four studied anatomies, the Chicken wing and Cauliflower models, had 4 standard vein openings in the LA (2 per each lung). The Cactus model and the Windsock presented 5 and 6 vein openings, respectively, due to changes in the right-side drainage patterns. These anatomical variations are reported to be common, and appear have some relation with AF onset ([@B27]).

![3D reconstruction of the four selected subjects represented in frontal and lateral view.](fcvm-05-00034-g001){#F1}

In order to set up the computational fluid dynamic (CFD) models, all 3D anatomical models were meshed using Ansys ICEM CFD (Ansys, Inc.). Combination of tetrahedral and prism elements were used, with smaller tetrahedral elements in the LAA region and 5 layers of prism elements along the walls. After sensitivity analysis, the final mesh elements count was 2,227,544 for the Chicken wing case, 3,053,005 for the Cactus, 2,377,897 for the Windsock and 2,922,715 for the Cauliflower case. CFD analyses based on patient-specific anatomies were conducted using Ansys CFX (Ansys, Inc.) for all cases. Transient simulations were carried out over four complete cardiac cycles, with each cardiac cycle of 0.8 s duration (37.5% atrial diastole and 62.5% atrial systole), so as to allow the flow to fully develop. The differential equations were solved using a time step Δt = 0.5 ms.

Rigid walls and no-slip condition were imposed at the LA and LAA surfaces, whilst open boundary condition was set at the pulmonary veins inlet, where constant pressure *P~pv~* equal to zero was imposed; and to the mitral valve outlet, where a different velocity waveform was imposed to simulate normal and AF conditions. For the healthy case, the flow rate across the mitral valve was derived from the international regulation ISO5840-1:2015 ([@B28]) and atrial emptying included both the first and second phase, represented by the *E-* and *A*-waves respectively ([Figure 2A](#F2){ref-type="fig"}). Blood velocity across the mitral valve orifice was derived by dividing the instantaneous flowrate by the orifice area, thus reaching a peak of 0.32 m/s ([Figure 2B](#F2){ref-type="fig"}).

![Boundary condition imposed in normal (top panel) and pathological (bottom panel) conditions. **(A)** flow rate across the mitral valve for a healthy generic subject ([@B28]): the atrial emptying phase (shown as ventricular diastole in the picture) is divided into E wave -- representing the early atrial systole -- and A wave -- representing the atrial contraction. **(B)** Mitral valve velocity derived from the flow rate represented in **(A)** by dividing for the mitral valve orifice area, which was then imposed as boundary outlet condition. **(C)** Echocardiography study showing the lack of A wave in case of AF ([@B29]), as atrial contraction is almost absent. **(D)** Velocity profile derived for the mitral valve orifice in case of AF.](fcvm-05-00034-g002){#F2}

For the AF case, the second atrial emptying wave (*A-*wave), was removed ([@B29]); as this is associated with atrial contraction, and is mostly absent in case of fibrillation ([Figure 2C](#F2){ref-type="fig"}). The curve of the mitral valve velocity in the pathological condition was derived accordingly ([Figure 2D](#F2){ref-type="fig"}).

As the Reynolds number, estimated on the basis of the peak mitral velocity and the maximum mitral valve diameter, was always below 3,000, a laminar model was chosen. The fluid was assumed incompressible and Newtonian, with density *ρ* and viscosity *μ* representative of normal blood (*ρ* = 1,060 kg/m^3^ and *μ* = 0.0035 Pa⋅s).

Blood flow patterns were characterised on the basis of the velocity and shear strain rate (SSR). Velocity streamlines of simulated flows were used to visually analyse the fluid dynamics profiles. Flow parameters were quantitatively estimated along a line running from the centre of the LAA ostium to the LAA tip, following the centre of gravity of each cross section. In addition, volume integrals of both velocity and SSR were calculated for all cases, to allow a global quantification of the fluid parameters in the entire LAA volumes.

A virtual contrast dye was included in the simulations, defined as an additional volumetric scalar variable, with the aim to estimate the residence time in different fluid regions and obtain qualitative data of the location more subjected to blood stagnation. Uniform density was assigned to the virtual contrast agent in the entire fluid domain at the first step in the analysis; this is progressively washed out during the 4 cardiac cycles. The remaining volume of contrast agent at the end of the simulations was normalised against the entire fluid domain volume, and was compared for all the cases.

Results {#s3}
=======

CFD analyses depicted the flow dynamics produced in the four representative LAA morphologies. No significant cycle-to-cycle difference was observed after the second cardiac cycle, thus confirming that the flow became fully periodic after the first cycle.

The velocity values in the LAA were always substantially lower than in the LA, for all models, independently of the presence of AF and of the phase in the cardiac cycle.

At the peak of the *E*-wave, corresponding to the highest peak in the mitral flow velocity, the flow patterns in normal rhythm and AF appear very similar. As expected, differences become substantial during the late filling peak, when in normal conditions the mitral valve flow velocity reaches the second peak associated with the *A*-wave, which is absent in AF ([Figure 3](#F3){ref-type="fig"}). Contrary to normal conditions, in the presence of AF all LAs show areas of low velocity recirculation ([Figure 3](#F3){ref-type="fig"}). In particular, in AF case, the Chicken wing morphology presents the lowest LA velocities (v~max~ = 0.18 m/s), while the Windsock the highest (v~max~ = 0.38 m/s).

![Instantaneous velocity streamlines passing through the LAA orifice represented for all LAA morphologies, taken at *t* = 0.75 s of the last simulated cardiac cycle, for both normal and pathological AF condition. This instant represents the second peak in the velocity profile, which is associated with the A-wave only in healthy conditions, as the A-wave is absent during AF.](fcvm-05-00034-g003){#F3}

The velocity magnitude along the length of the LAA decreases from the orifice to the tip, thus making the LAA tip regions more subjected to fluid stasis, and therefore to a higher risk of thrombosis ([Figure 4](#F4){ref-type="fig"}). The velocity was integrated spatially in the LAA volume, and normalised with respect to LAA volumes, in order to highlight differences between normal and pathological conditions. The resulting quantity indicates significant velocity reductions from normal to pathological conditions, with differences depending on the LAA morphology. The velocity reduction was highest for the Cactus shape (from 0.0322 to 0.0164 m/s) and smallest for the Chicken wing shape (from 0.00792 to 0.00719 m/s), while it changed from 0.0502 to 0.0292 m/s for the Windsock shape and from 0.0122 to 0.0081 m/s for the Cauliflower shape.

![Velocity magnitude along the LAA, from the LAA orifice to the LAA tip, in normal (left panel) and AF (middle panel) conditions, for the different LAA shapes; velocity values are progressively decreasing from the LAA orifice to the LAA tip. In the right panel, during the same cardiac cycles phase, the volume integral of the velocity magnitude, normalized according to the different LAA volumes, decreases for all the LAA shapes when in AF conditions.](fcvm-05-00034-g004){#F4}

Comparing the 4 different LAA morphologies, the Chicken wing shape is characterised by the lowest velocity integral in normal conditions (0.00792 m/s against an average value of 0.02563 m/s for the 4 shapes), and in AF conditions (0.00719 m/s, against an average value of 0.01522 m/s).

SSR was calculated from the CFD results. Throughout the entire cardiac cycle, SSR values decrease from LAA ostium to the tip ([Figure 5](#F5){ref-type="fig"}). Especially looking at the second phase of ventricular filling (*A*-wave), where the velocity waveform has the biggest difference from normal to AF condition. SSR at the centre of gravity of the LAA ostium in normal sinus rhythm was 13.2 s^−1^ for the Chicken wing, 61.6 s^−1^ for the Cactus, 50.1 s^−1^ for the Windsock and 17.9 s^−1^ for the Cauliflower; in AF condition, these values decreased to 11.4, 11.2, 48.1 and 9.9 s^−1^ respectively.

![SSR along the LAA, from the LAA orifice to the LAA tip, in normal (left panel) and AF (middle panel) conditions, for the different LAA shapes; SSR values are progressively decreasing from the LAA orifice to the LAA tip. In the right panel, during the same cardiac cycles phase, the volume integral of the SSR, normalized according to the different LAA volumes, decreases for all the LAA shapes when in AF conditions.](fcvm-05-00034-g005){#F5}

As for the velocity, SSR values were integrated spatially in the LAA volume. In all cases, the integral of the SSR, normalised with respect to LAA volumes, decreases from normal to pathological condition, and the amount of reduction depends substantially on the LAA shape: from 6.74 to 5.62 s^−1^ for the Chicken wing, from 24.83 to 9.64 s^−1^ for the Cactus, from 41.95 to 24.14 s^−1^ for the Windsock and from 8.54 to 5.22 s^−1^ for the Cauliflower.

The Chicken wing shape presents the lowest SSR value in normal condition, while the Cauliflower has the lowest SSR in AF condition.

The virtual contrast dye simulations allow to visualize the regions where blood resides in the LAA for longer than one cardiac cycle. At the end of the 4^th^ cardiac cycle, the remaining dye agent was always located at the tip of the LAA. The normalised volume of residual contrast agent was equal to 1.61% for the Chicken wing for both normal and AF condition. In all other cases, this contrast agent volume was always higher in the AF case: 1.45 vs 1.97% for the Cactus, 0.21 vs 0.56% for the Windsock and 2.46 vs 3.27% for the Cauliflower ([Figure 6](#F6){ref-type="fig"}).

![Residual \[%\] virtual contrast agent at the end of the CFD simulations for all the LAA morphologies and in both normal and pathological condition.](fcvm-05-00034-g006){#F6}

Discussion {#s4}
==========

In this work, CFD analyses were performed on 4 different LAA morphologies, representative of the different LAA classes typically identified by clinicians, in order to study the relationship between the LAA shape and the hemodynamics when imposing normal physiological flow and pathological AF conditions.

Computational modelling enabled a quantitative analysis of fluid-dynamic parameters, such as velocity streamlines and SSR values, that are impossible to measure non-invasively in clinics with sufficient accuracy. In fact, though transthoracic (TTE) and transoesophageal echocardiography (TEE) are available in the clinic to measure the blood flow velocity in both the LA and the LAA, both techniques can only provide average information on the velocity magnitude and direction in the sampling volume, without being able to give detailed spatial 3D information on the local flow conditions ([@B30],[@B31]). Ideally, 4D flow MR could provide similar information as the CFD analysis, but the spatial resolution, typically larger than 1 mm voxel, is not sufficient to assess a small region such as the LAA, and is thus not yet suitable for clinical applications ([@B32]).

Compared to the LA, lower velocity values were found in the LAA for all cases and in all conditions, thus making the LAA the region most subjected to fluid stagnation and, therefore, to potential thrombus development. Observation of the velocity streamlines departing from the LAA ostium during the second phase of atrial emptying, which in a normal subject corresponds to atrial contraction represented by the *A*-wave, shows the stronger contribution of the LAA region to the entire LA flow patterns in AF conditions, suggesting that if a thrombus forms in the LAA, this may be more likely to detach and travel towards the systemic circulation in the presence of AF.

Both flow velocity and SSR values at the LAA tip were always close to zero, thus making the LAA tip region the most dangerous in terms of thrombus development. Moreover, both velocity and SSR values decrease when AF flow is imposed, reflecting the pathological condition.

The volume integral of velocity and SSR provide an indication of the global contribution of these parameters in the LAAs. In the analysed cases, the Chicken wing shape has been found to be the one with lowest velocities overall; this might be due to the presence of cavities among the LAA lobes, that increase the tortuosity of the geometry and reduce the speed of the bulk flow. The Cauliflower morphology presented the lowest values of SSR in AF, thus confirming the clinical reports which classify this as the most prone to blood stagnation and, therefore, thrombus development ([@B17]).

Including the presence of a virtual contrast agent in the simulations allowed estimation not only its wash out in normal and pathological conditions, but also the location of the residual dye after 4 cardiac cycles. The LAA tip has been recognised as a flow stagnation area in both conditions and for all morphologies, probably due to the complexity of the LAA morphology. Moreover, during AF conditions, less blood was washed out, resulting in higher dye volume residing in the LAA chamber. The highest remaining contrast volume was found for the Cauliflower shape, again supporting the finding that the Cauliflower morphology can be associated with higher risk of thrombosis.

Amongst the four simulated cases, the Windsock shape resulted in the least likely to develop thrombus, being the one with highest velocities and SSR in both healthy and AF flow, and almost no residual dye volume at the end of the simulations.

These results might be affected not only by the morphology of the LAA, but also by the shape of the LA, which was different for every patient analysed, in terms of dimensions, structure and pulmonary venous drainage patterns.

Limitations {#s4-1}
-----------

All walls were considered rigid, not mimicking the real atrial contraction and movements during the cardiac cycle. This represent a major approximation, as the introduction of moving walls is likely to affect the flow in the LA by increasing the swirling motion, as reported in Chnafa et al. ([@B33]). However, this study is aimed at investigating the impact of the different LAA morphologies on the hemodynamics, rather than perfecting the model representation to each individual patient. Hence, the assumption allows to better isolate the potential effect of the appendage geometry, by abstracting it from the specific atrial motions experienced in each individual patient, especially in the case of rhythm disorders. Moreover, though motionless walls are not an accurate representation of the healthy condition, they are not far from the worst AF scenario (e.g., chronic AF), which is associated with limited atrial contraction.

No turbulence model was used in the analyses. Recent numerical reports suggest the presence of a transitional flow in the left atrium ([@B33]), predicting cycle-to-cycle variations in the flow field which occur for part of the diastole, at specific regions of the atrial chamber (depending on patient-specific anatomy and motions). In the presented study, the generalisation of laminar flow in the entire fluid domain and for the whole cycle duration allows substantial computational simplification, still providing a direct analysis of the effect of the morphology.

The fluid model was Newtonian, despite the blood having a shear thinning behaviour (i.e., its viscosity decreases with increasing shear stress). The effect of non-Newtonian properties of the fluid is likely to amplify the observed effects in terms of stagnation, as the viscosity in regions where SSR reduce below 100 s^−1^ can rise substantially, further reducing the estimated velocities.

Personalised inflow and outflow boundary conditions, including the effect of the dynamic mitral valve leaflets, might provide more realistic fluid dynamic results. However, the strategy taken in the present study was to limit the number of patient-specific factors other than the LA and LAA morphologies. Hence identical boundary conditions (i.e., pressure at the PVs and velocity profile at the mitral valve orifice) were used in all models, maintaining the focus of the investigation on the effect of the anatomical shape of the atrial chamber and its appendage on fluid dynamic parameters, such as velocity and SSR.

Lastly, though in the present study the Windsock shape appears to be associated with lower thrombotic risk, a much larger number of patient-specific cases is needed to clarify and generalise the relation between the LAA morphology and the hemodynamic behaviour leading to thrombus formation. More simulations will be performed in the future in order to achieve higher statistical significance and correlate our results with clinical data from AF patients with and without thromboembolic events development. These may lead to a new classification of the shape of appendage morphology, based on more objective quantitative measurements than currently adopted criteria, which remain far too subjective.

Conclusions {#s5}
===========

The CFD models presented in this work enabled to highlight the effect of the LAA shape on the blood flow pattern and their variation in presence of AF. This computational study supports the hypothesis that the LAA morphology is a leading factor in the pathology, thus making some AF patients more at risk, depending on their LAA anatomical features. The presented approach, though in need of further improvement and large-scale validation, can become a powerful tool to quantitatively analyse parameters otherwise impossible to measure in clinics and to study the geometrical factors influencing thrombus formation. Lastly, this methodology has shown a significant potential in supporting clinical stratification of AF patients under high risk of thrombus formation, complementing the standard clinical information, thus supporting the selection of individualised therapies and improving the patient's safety and standard of care.
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